Cellulose is the most abundant component of plant cell walls and its importance is well documented. In the primary cell wall it forms part of the load bearing network that both controls and maintains cell shape, while allowing regulated cell expansion that is essential during growth. Cellulose is also the major component of secondary cell walls where it is required for mechanical strength for the plant (reviewed in Cosgrove, 2005; Taylor, 2008).
The Arabidopsis rsw1 mutant is a temperature sensitive mutant in the CESA1 gene.
When grown at the restrictive temperature, rsw1 mutants have less cellulose and the CSCs are lost from the plasma membrane (Arioli et al., 1998) . Additionally, immunolabeling has shown that the rosette structures that are visualized by freeze fracture can be labeled with anti-CESA antibodies (Kimura et al., 1999) . These experiments demonstrate that not only are CESA proteins essential for cellulose deposition, but they are also an integral part of the CSC. Although genetic analysis has identified several proteins required for cellulose synthesis (reviewed in Somerville, 2006, Liepman et al., in press ), none of them have definitively been shown to be an essential and integral component of the CSC. Consequently, live cell imaging studies to look at CSC trafficking has necessarily focused upon labeling of CESA proteins.
Three different CESA proteins, encoded by members of the CESA gene family, are required for formation of a functional CSC (reviewed in Taylor, 2008) . The CESA proteins that make up the CSC responsible for primary cell wall formation consists of CESA1, CESA3, together with some combination of CESA2, CESA5, CESA6 or CESA9 (Desprez et al., 2007; Persson et al., 2007) . Cellulose biosynthesis at the secondary wall requires CESA4, CESA7 and CESA8, In the absence of any one of these three subunits, the CSC is not transported to sites of cell wall formation (Taylor et al., 1999; Taylor et al., 2000; Gardiner et al., 2003; Taylor et al., 2003) . Fusions between GFP variants and the N-terminus of several of the CESA subunits, namely CESA3, CESA6 and CESA7, have been demonstrated to not interfere with the protein function and this has allowed their dynamics to be viewed in vivo (Gardiner et al., 2003; Paredez et al., 2006; Desprez et al., 2007; Wightman and Turner, 2008) .
While only a proportion of CESA proteins are labeled within a single CSC, this has still permitted the detection of single CSCs within the plasma membrane (Paredez et al., 2006; Desprez et al., 2007) and has also allowed detailed examination of intracellular CSC trafficking (Fig. 1) .
CESA complexes in the Golgi
Live imaging of YFP-CESA protein fusions during both primary wall and secondary wall cellulose synthesis are seen to clearly label internal ring-like structures that colocalize with a Golgi marker (Paredez et al., 2006; Wightman and Turner, 2008) (Fig. 1) . The ring-like labeling is different to the uniform labeling observed for common Golgi markers such as mannosidase 1 (Nebenfuhr et al., 1999) and the rat sialyltransferase (Boevink et al., 1998 ). It appears that the ring-like labeling represent labeling of the Golgi periphery. This has been confirmed using immunogold labeling of a GFP-CESA3 fusion in which labeling was observed at the ends of medial-and trans-Golgi cisternae in addition to the cell cortex (Crowell et al., 2009 ).
This work is also consistent with earlier freeze fractures studies. Using a suspension of Zinnia elegans cells undergoing treachery element differentiation, Haigler and Brown (1986) were able to directly visualize rosettes within the periphery of the trans face of the Golgi.
The rings of labeled CSCs within the Golgi are observed to include bright punctae (Fig. 1C) . The concentration of CSCs that form these bright spots may represent either an event just prior to vesicle formation or an accumulation following fusion from an endocytic compartment.
Novel CESA containing compartments.
Haigler and Brown (1986) were able to identify CSC containing vesicles at the cell cortex at sites of secondary cell wall deposition. The similar size of these vesicles to the invaginations around the Golgi periphery suggest that these vesicles arise from the Golgi and that their position at the cell cortex suggests that they are responsible for delivery of assembled CSCs to sites of cellulose deposition (Haigler and Brown, 1986) 
Many questions remain with regard to the role of the Golgi in inserting CSCs in the plasma membrane. It is possible that the Golgi is responsible for delivery of de novo
CSCs into the plasma membrane, while SmaCCs/MASCs represent an intracellular store that recycles CSCs with the plasma membrane. It could also be that SmaCC/MASCs arise directly from the Golgi and, in some cases, the gap between SmaCC/MASCs biogenesis and insertion of the CSC into the plasma membrane is very short such that it appears as a single event (Fig. 2) .
The mechanisms of CSC removal from the plasma membrane, either during primary or secondary wall synthesis, are yet to be determined, however due to the large size of the CSC, removal is likely not to involve clathrin-mediated endocytosis (Crowell et al., 2009 ).
The involvement of effectors of compartment-cytoskeleton association and docking factors.
Given the importance of the actin cytoskeleton to global trafficking of the cellulose synthase-containing Golgi and the involvement of the cortical microtubules in tethering the SmaCC/MASC compartment, it is likely that motor and other cytoskeletal-associated proteins will be critical for CSC functioning. 
Assembly of the cellulose synthase complex.
Little is known about how the cellulose synthase complex assembles. It is known that in plants containing a mutation in any one of the secondary cell wall CESA genes, the two remaining subunits appear not to assemble and are not trafficked to secondary cell wall deposition sites (Gardiner et al., 2003; Taylor et al., 2003) .
Attempts to affinity purify an intact epitope-tagged CSC led to isolation of CESA oligomers but apparently no intact complexes (Atanassov et al., 2009 ). These oligomers are likely to be intermediates in the assembly of the complex, but the role of other proteins and the location of CSC assembly are still unclear.
Despite several groups using fusions between fluorescent proteins and different CESA subunits, no pre-Golgi compartments, including the ER, are found to be labeled (Paredez et al., 2006; DeBolt et al., 2007; DeBolt et al., 2007; Desprez et al., 2007; Wightman and Turner, 2008; Crowell et al., 2009; Gutierrez et al., 2009 ).
Furthermore, electron microscopy has revealed intact complexes within the Golgi but no recognizable rosette-structures have been observed in the ER (Haigler and Brown, 1986) . One explanation is that assembly actually takes place within the Golgi, although this would be unprecedented for membrane proteins and does not explain why a newly translated CESA monomer in the ER membrane should not fluoresce.
An alternative explanation for this apparent absence is that the complexes reside in one or several compartments where fluorescence is quenched or otherwise inhibited.
The inability to see labeled CESA subunits within the ER is particularly surprising in developing xylem vessels. In these cells, large numbers of CSCs localize to sites of secondary walls synthesis, prior to the vessel undergoing programmed cell death.
Conservative estimates of the number of 30 nm wide complexes based on freezefracture and electron microscopy data suggest there are over 3000 complexes in the region of the plasma membrane beneath a complete hoop of secondary wall in the narrow protoxylem vessels of the root (Wightman et al., 2009 ). This number can be doubled for the much wider vessels observed in stems. Based on a xylem cell having forty hoops or spirals of secondary wall, this suggests that several hundred thousand complexes are located to the plasma membrane at any one time during cellulose deposition in a single vessel. We have recently identified a very large compartment that appears to provide storage for assembled CSCs prior to transport to the plasma membrane (R. Wightman, S.Turner unpublished data).
Characterization of this compartment may provide clues as to where in the cell the different CESA subunits associate.
Concluding remarks.
Recent progress in the field of live cell imaging has allowed the identification of several novel compartments required for delivery of the CSC. In particular SmaCCs/MASCs are highly dynamic compartments that appear to play key roles both as intracellular stores of the CSC and in its delivery to the plasma membrane. It 
